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Abstract 
A microsensor system to investigate photodynamic therapy of cancer cells in vitro was established. Monitoring of the cellular 
respiration during and after photodynamic therapy was demonstrated. The system comprises a sensor chip with cell culture 
chamber, allowing photodynamic treatment by laser light and simultaneous monitoring of metabolic parameter using 
electrochemical sensors in situ. The sensor chip is integrated into a fluorescence microscope allowing the detection of 
fluorescence emitted by the photosensitizer as well as to detect fluorescence from additional marker providing optical 
measurements in parallel to the microsensor readings. 
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1. Introduction 
Photodynamic Therapy (PDT) is a two-step cancer treatment using a photosensitizing drug followed by local 
irradiation with visible light. PDT is a clinically established method to treat bladder, colon or skin cancer benefiting 
from the relatively small stress for the patient. In the case of an insufficient treatment additional therapies, e.g. 
radiation therapy, are still applicable [1]. Despite the clinical success the biochemical processes during and after the  
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therapy are only partly understood [2]. Due to the lack of an appropriate in vitro platform to monitor metabolic 
effects continuously, PDT can so far only be evaluated by single point (end point) measurements. The proposed 
electrochemical sensor system enables the monitoring of changes in the metabolism. Due to the integration of the 
sensor system into an optical setup, the simultaneous application of PDT is possible. An online monitoring during 
and after PDT has been established. 
2. Setup 
We developed a platform combining the metabolic monitoring of cancer cells during and after PDT. The system 
is based on a transparent sensor chip using electrochemical sensors [3], integrated into an optical setup. In this work 
we present results of a chronoamperometric oxygen sensor to demonstrate the feasibility of continuous measurement 
of cellular respiration. The transparent sensor chip enabled the optical inspection of the cells by an inverted 
microscope and was embedded in a microsensor system. This arrangement allowed the cultivation of cells in a small 
chamber directly on the sensor chip, see figure 2a. The microsensor system was integrated into a setup together with 
a laser source for the photodynamic therapy and a fluorescence microscope, see figure 1. The beam from the diode 
laser (473 nm) was reflected at a dichroic mirror and reached the microsensor system through an objective lens. A 
CMOS camera at the end of the optical path allowed to detect fluorescence light emitted from the photosensitizer 
during the treatment. Additionally, this feature opened the possibility to use fluorescence marker after the treatment. 
 
 
Fig. 1. Setup for excitation of cell cultures with laser light for PDT featuring simultaneous detection of emitted fluorescence light and monitoring 
of metabolic parameters with electrochemical sensors. The light from the laser source (1) is deflected at a dichroic mirror (2) through the 
objective (3) to the cell culture chip (4). Fluorescence emission from the cell culture chamber passes through the dichroic mirror (2) and is 
detected by the CMOSǦcamera (5).The laser intensity is monitored by a detector (6). 
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Fig. 2 (a) Electrochemical sensor with cell culture area (in transparent plastic cylinder) inserted in the holder providing the connections; (b) T-
47D breast cancer cells 24 h after seeding on sensor chip next to the working electrode with connection line. 
3. Results 
T-47D breast cancer cells have been successfully cultured on the microsensor system and incubated with the 
photosensitizer PpIX for PDT, see figure 2b. The cellular oxygen concentration as indicator for cellular respiration 
was monitored before and after the therapy. The oxygen measurement were performed using a 3 step 
chronoamperometric protocol. The protocol runs with a waiting time of 50 s between each 10 s measurement. From 
every cycle the least 3 s are averaged to form a data point. In order to interpret the results of the cell measurements a 
calibration of the current density w.r.t. the oxygen concentration was done. The chip was measured under cell 
environmental conditions at a temperature of 37°C with oxygen concentrations between 0.5 and 20.95% which 
equals 4.9 to 198.2 μM oxygen. The resulting calibration curve of the oxygen sensor with a slope of -0.7μA/cm²μM 
is shown in figure 3a. A linear dependency between current density and oxygen concentration can be observed. The 
electrochemical measurements revealed the increase in the oxygen concentration due to reduced cell respiration and 
cell death respectively after the treatment, see figure 3b. The photodynamic dose was chosen to demonstrate an 
incomplete treatment. Approximately 10 h after the treatment a slow decrease in oxygen tension became visible. 




Fig. 3. (a) Oxygen sensor calibration in cell culture medium at 37°C; (b) Pericellular oxygen measurement before and after photodynamic 
therapy. 
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The sudden increase and subsequent decrease at approximately 65 h is caused by the medium exchange and the 
resulting disturbance of the oxygen diffusion gradient dropping towards the cells. These results demonstrate the 
importance of continuous metabolic monitoring as phenomena like the repopulation effect would be overseen using 
single point measurements only.  
4. Conclusion and Outlook 
A microsensor system for the investigation of PDT was established. The setup allows the measurement of 
metabolic parameter in cell culture during and after the treatment. Furthermore it is possible to observe the 
fluorescence emitted by the photosensitizer and to implement fluorescence marker. A protocol for efficient culturing 
T-47D breast cancer cells on the sensor chip has been established in order to provide an on-chip treatment. This 
enabled the monitoring of the pericellular oxygen concentration via electrochemical sensors, integrated into the 
sensor chip. The measurements showed that increasing cellular oxygen concentration due to decreased cellular 
respiration can be used as indicator for cell death and showed the benefit of continuous metabolic monitoring in 
comparison to single point (end point) measurements.By means of this system, possible and unwished repopulation 
effects can easily be monitored after the treatment. In future different types of biosensors can be integrated and also 
an in vivo application seems feasible 
Acknowledgements 
We would like to thank Dr. Ça÷lar Ataman from the Gisela and Erwin Sick Chair of Micro-optics (Prof. Dr. H. 
Zappe) at University of Freiburg for the fruitful collaboration. 
References 
[1] D.E.J.G.J. Dolmans, D. Fukumura, R.K. Jain, TIMELINE: Photodynamictherapy for cancer, Nat Rev Cancer 3 (2003) 380-387. 
[2] S. Shahzidi, et al., Simultaneously targeting mitochondria and endoplasmic reticulum by photodynamic therapy induces apoptosis in human 
lymphoma cells, Photochem Photobio 10 (2011) 1773–1782. 
[3] J. Kieninger, K. Aravindalochanan, J.A. Sandvik, E.O. Pettersen, G.A. Urban, Pericellular oxygen monitoring with integrated sensor chips 
for reproducible cell culture experiments, Cell Prolif 47 (2014) 180–188. 
 
 
